1. The present study describes effects ofextracellular ATP (ATPe) on plasma membrane potential and cytoplasmic Ca2l concentrations ([Ca2+],) in rat Sertoli cells. Sertoli cells in suspension were stimulated with ATPe and other nucleotides and ionic changes were monitored utilizing the fluorescent dyes bis-oxonol and fura-2/AM. ATPe induced a prompt plasma membrane depolarization which was dependent on Na+ influx from the extracellular medium, since it was abolished by omission of extracellular Na+. Depolarization was independent of [Ca2+], rise as it also occurred in the absence of extracellular Ca2+ and after intracellular Ca2+ stores were discharged with thapsigargin. ATPe also stimulated a rapid and biphasic increase in [Ca2+]1: a prompt spike was followed by a prolonged sustained plateau. The initial spike was dependent on Ca2+ release from intracellular stores since it was also present when cells were incubated in EGTAsupplemented Ca2+-free medium and was abolished by pretreatment with ionomycin and thapsigargin, agents that discharge intracellular Ca2+ stores. The sustained phase was dependent on Ca2+ influx from the extracellular medium as it was abolished when cells were incubated in EGTA-supplemented Ca2+-free medium. Ca2+ influx was due to activation of voltage-operated calcium channels (VOCCs) since it was abolished by the VOCC inhibitors verapamil and nifedipine or incubation in sucrose medium, an experimental condition which precludes plasma membrane depolarization by ATPe. 2. ATPe-induced rises in intracellular Ca2+ concentration and plasma membrane depolarization were reduced by pretreatment with pertussis toxin, suggesting that ATPe-activated transduction mechanisms are in part under the control of pertussis toxin-sensitive G-proteins. These data show that Sertoli cells possess P2-purinergic receptor subtypes coupled to influx of Na+ and release of Ca2+ from intracellular stores and provide evidence for an activation of different pathways by extracellular ATPe. Activation of these receptors induces Na+ influx that causes a rapid plasma membrane depolarization. Furthermore, ATPe also triggers Ca2+ release from intracellular stores and Ca2+ influx from extracellular space via dihydropyridine-sensitive VOCCs. Little is known about the role of ATPe in the male reproductive system and in the regulation of germ and Sertoli cell functions, apart from recent studies reporting that ATPe is a potent inducer of the acrosome reaction in human spermatozoa activating a putative novel P2X receptor subtype coupled to Na+ influx [10] .
INTRODUCTION
In recent years there has been a rekindled interest in the role of extracellular ATP (ATPe) in the modulation of cellular functions (reviewed in [1] ). It has been shown that ATPe elicits biological responses in many different tissues: it modulates contractility of vascular smooth muscle cells [2] and cardiac myocytes [3] , acts as a neurotransmitter in the nervous system [4] and plays an important role in the immune and endocrine-exocrine systems [5] [6] [7] . Plasma membrane receptors for ATPe are called P2-purinergic receptors and according to pharmacological and structural criteria can be grouped in three main families (P2Y, P2X and P2Z), each comprising several members. The P2Y family, of which P2U is a numbered subtype [8] , identifies seven membrane-spanning receptors that act as G-protein-coupled calcium-mobilizing receptors [9] . P2X receptors are a family of ligand-gated ion channels. The P2Z receptor is associated with the opening of non-specific membrane pores permeable to solutes of less than 900 Da.
Little is known about the role of ATPe in the male reproductive system and in the regulation of germ and Sertoli cell functions, apart from recent studies reporting that ATPe is a potent inducer of the acrosome reaction in human spermatozoa activating a putative novel P2X receptor subtype coupled to Na+ influx [10] .
It has long been known that rat Sertoli cells in culture possess adenosine receptors coupled to Gi and to inhibition of adenylate cyclase [11, 12] . Only recently, however, has it also been shown that rat Sertoli cells possess P2-purinergic receptors, and that ATPe (and UTP), probably acting at the P2-purinergic receptor subtype P2U, is able to trigger phosphoinositide (PI) turnover and intracellular calcium ([Ca2] 1i) changes [13] . In Sertoli cells, ATPe triggers both Ca2+ release from intracellular stores and Ca2+ influx across the plasma membrane, suggesting that different transduction systems may be activated [13] . In the present study we have investigated the mechanisms of ATP-induced intracellular ion changes. Our results on the one hand confirm that ATPe mobilizes Ca2+ from intracellular stores in immature Sertoli cells, and on the other show that this nucleotide also induces a selective Na+ influx from the extracellular medium, probably activating a novel P2X-receptor subtype. [14] (results not shown).
Sertoli cells, isolated as above, were then either plated on glass rectangular coverslips (24 mm x 10 mm) in Petri dishes or kept in suspension in polypropylene tubes at 37 'C. The Sertoli cell suspensions were utilized within 5 h. Monolayers were grown in DMEM (supplemented with 100 units/ml penicillin, 100 ,ug/ml streptomycin, 0.25 ,ug/ml fungizone) at 32 'C in a controlled atmosphere of 95 % 02 and 50% CO2. Medium was replaced every day. On day 3 of culture, contaminating germ cells were lysed by treatment with a hypotonic solution as described by Galdieri-et al. [15] . After 2/AM as previously described [14] . Briefly, Sertoli cell suspensions were incubated in BWW supplemented with 0.3 % BSA in the presence of 10 ,uM fura-2/AM for 45 min at 37 'C. After loading, cells were washed free of extracellular dye by being centrifuged three times (25 g for 2 min at room temperature) in standard saline supplemented with 0.3 % BSA and maintained at room temperature until used. All experiments were completed within 3 h of loading with fura-2.
[Ca2+]i was determined as previously described [10] .
Plasma membrane potential changes were monitored with the lipophilic membrane potential-sensitive dye bis-oxonol at the wavelength pair 540/580 nm as previously described [17] .
In some experiments NaCl was replaced by an iso-osmotic concentration of choline chloride, methylglucamine or sucrose, as previously described [17] .
Sertoli cell plasma membrane permeability was monitored by measuring ethidium bromide uptake, as previously described [18] . Sertoli cells in suspension were transferred to a thermostatically controlled and magnetically stirred fluorimeter cuvette containing 20,M ethidium bromide. Fluorescence changes were monitored at the wavelength pair 360/580 nm.
Since results obtained utilizing monolayers and suspensions of Sertoli cells were similar, the majority of the experiments were performed with suspended Sertoli cells.
Statistical analysis
Data were analysed utilizing the Stat View (Abacus Concepts, Berkely, CA, U.S.A.) statistical package. Student's t test was used for statistical evaluation.
Chemicals ATP. and all other nucleotides were purchased from Boehringer Mannheim (Mannheim, Germany). Pertussis toxin, gramicidin D, thapsigargin, trypsin, collagenase and DNase were obtained from Sigma (St. Louis, MO, U.S.A.). DMEM was purchased from Gibco (Grand Island, NY, U.S.A.). Fura-2/AM and bisoxonol were obtained from Molecular Probes (Eugene, OR, U.S.A.). lonomycin was purchased from Calbiochem (La Jolla, CA, U.S.A.). All other chemicals were of analytical grade.
RESULTS

Effect of ATP, on Sertoli cell plasma membrane potential
Activation of plasma membrane receptors for ATPe is known to induce modifications in intracellular ion homoeostasis and membrane permeability to solutes of low molecular mass, and to cause changes in plasma membrane potential [19] . As shown in Figure 5b , trace b) was unable to depolarize the plasma membrane (Figure 2b ). Since ATPe is able to induce plasma membrane depolarization even in the absence of extracellular Ca2 , we investigated whether Na+ was the main ion permeable through the ATPe-gated channel. Figure 3 shows that when extracellular Na+ was iso-osmotically replaced with choline or methylglucamine (cations less permeant than Na+ through the ATPe channel [20] , traces b and c respectively), ATPe was still able to trigger a plasma membrane depolarization, although smaller than that in Na+ medium ( Figure 3, trace a) . Furthermore, iso-osmotic substitution of extracellular Na+ with sucrose (a completely impermeant solute through the ATPegated channel) [20] (Figure 6a ). Since ATPe is able to induce Na+ influx and therefore plasma membrane depolarization ( Figure  la) , we investigated whether influx of Ca2+ from extracellular medium occurs through VOCCs. Addition to the cell suspension of the Ca2+-channel antagonists verapamil (20 ,uM) or nifedipine (1.0 ,uM) completely abolished the sustained plateau phase, demonstrating that it was depending on Ca2+ influx through VOCCs (Figure 6b ).
Functional characterization of the ATPe receptor is hindered by the absence of selective antagonists. We therefore examined the pharmacology of the purinergic receptor expressed on Sertoli cells, challenging these cells with different extracellular nucleotides. As shown in Table 1 In Table 2 it is shown that pretreatment of Sertoli cells with pertussis toxin induced a significant reduction (up to 65 %) of ATPe-induced [Ca2+]i rise and plasma membrane depolarization.
DISCUSSION
There is substantial evidence for complex cell-cell interactions within the testis. These communications co-ordinate the activities of different testicular components to sustain an optimal spermatogenesis. Sertoli cells play a fundamental role in driving different phases of germ-cell maturation and it is well known that Sertoli cell activity is modulated by FSH. Interactions between myoid, interstitial and germ cells have been suggested even if little is known about the nature of the agents that mediate interactions between gonadal cells. In many different cellular systems it has been suggested that ATPe could have a role as an extracellular mediator of cell-to-cell communication and the number of biological systems responsive to ATPe is ever increasing [1] . In this study we confirm previous observations on the presence of P2-purinergic receptors in rat Sertoli cells and dissect the mechanism whereby this nucleotide perturbs intracellular ion homoeostasis. In these cells ATPe evoked a [Ca2+]i rise that was also present in Ca2+-free medium, thus showing that this nucleotide is able to elicit release of Ca2+ from intracellular stores. These results fit very well with previous findings on ATPestimulated PI breakdown. Inhibition of [Ca2+]1 increases after depletion of intracellular Ca2+ stores with ionomycin and thapsigargin further strengthens the hypothesis that internal Ca2+ stores are involved and that thapsigargin and ATPe release Ca2+ from a common intracellular store [24, 25] .
Besides Ca2+ release from intracellular stores, ATPe induced a prolonged Ca2l influx from the extracellular medium that was inhibited in the presence of VOCC antagonists verapamil or nifedipine.
Our results show that ATPe induces a fast plasma membrane depolarization due to Na+ influx from the extracellular space. This depolarization triggers VOCC activation and the subsequent [27] . The presence of P2X receptors in rat Sertoli cells was recently excluded on the basis of inability of P2X-receptor agonists to trigger PI turnover [13] . We think that this is not convincing evidence since: (1) P2X receptors are coupled to activation of a channel that allows the permeation of Na+ (and other univalent cations) and Ca2l and not to PI breakdown; (2) [13] . Finally it is possible that the different ionic events evoked by ATPe in rat Sertoli cells could be triggered independently by receptor activation via interaction with distinct G-proteins, one of which is sensitive to pertussis toxin (G,/G. family) while the other is not (Gq/Gll family).
The physiological role of ATPe and P2-purinergic receptors in the modulation of Sertoli cell functions is a matter of debate. Extracellular ATPe mediates a variety ofeffects on many different cell types [1] and also in the testis this nucleotide can exert a regulatory role as demonstrated previously [10, 13] . The problem raises the questions of if, and which, cells produce and release ATPe near Sertoli cells. ATPe is released during neurotransmitter exocytosis at cholinergic and adrenergic synapses [1, [29] [30] [31] and has been proposed to exert an important role in the modulation of granulosa cell functions in the ovary [32] . Within the testis are present adrenergic and cholinergic nerves [33] and it is possible that ATPe released from these nerve endings modulates Sertoli cell functions. Furthermore some cell types present in the seminiferous tubule could be capable of releasing ATPe in the extracellular space. Although the presence of ATPe in the seminiferous tubular fluid has not yet been reported, our results suggest a possible role for ATPe as one of the agents that physiologically regulate Sertoli cell functions (for example, inducing the secretion of autocrine, paracrine and endocrine factors, thus allowing communication between adjacent Sertoli and germ cells). The recent demonstration that germ cells in vitro activate the PI pathway in rat Sertoli cells, thus inhibiting the response ofthese cells to FSH [34] , together with the experimental evidence that ATPe inhibits the FSH-dependent effects on Sertoli cells [13] , supports the hypothesis that ATPe, putatively released by germ cells, could be responsible for the modulation of Sertoli cell functions.
